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ABSTRACT Pilot contamination (PC) is a major impediment of large-scale multi-cell multiple-input
multiple-output systems. Hence, we propose an optimal pilot design for time-domain channel estimation,
which is capable of completely eliminating PC. More specifically, a sophisticated combination of downlink
training and ‘‘scheduled’’ uplink training is designed with the aid of the optimal pilot set. Given the optimal
pilot set, every user acquires its unique downlink time-domain channel state information (CSI) through
downlink training. The estimated downlink CSIs are then embedded in the uplink training. As a result,
PC can be completely eliminated, at the cost of a slight increase in training computational complexity. Our
simulation results demonstrate the power of the proposed scheme. Most significantly, our scheme imposes
a modest training overhead of (L + 3), training-phase durations corresponding to the number of orthogonal
frequency division multiplexing symbols, where L is the number of cells, which is substantially lower
than that imposed by some of the existing PC elimination schemes. Therefore, it imposes a less stringent
requirement on the channel’s coherence time. Finally, our scheme does not need any information exchange
between base stations.
14
15
INDEX TERMS Multi-cell systems, large-scale multiple-input multiple-output, orthogonal frequency
division multiplexing, pilot contamination, time division duplexing, time-domain channel estimation.
I. INTRODUCTION16
To meet the demand for ever-higher spectral efficiency and17
energy efficiency in cellular systems, large-scale or massive18
multiple-input multiple-output (MIMO) techniques are capa-19
ble of offering dramatic data rate improvements and power20
savings [1]–[6]. In a massive MIMO system, each base sta-21
tion (BS) is equipped with a large number of antennas with22
the objective of serving a number of single-antenna mobile23
stations (MSs) simultaneously using the same time/frequency24
resource. Owing to the asymptotic orthogonality of the dif-25
ferent users’ channel vectors, low-complexity downlink (DL)26
transmit precoding and beamforming-aided uplink (UL)27
reception are capable of achieving both a high capacity and a28
high link reliability [1]. It is then worth emphasizing that the29
performance of a large-scale MIMO system critically relies 30
on the accuracy of the channel state information (CSI) estima- 31
tion. In frequency-division duplexing based systems, the DL 32
CSImust be estimated by theMS receivers and signalled back 33
to the BS in order to carry out transmit precoding based DL 34
transmission. Therefore, the CSI signaling overhead scales 35
linearly with the number of DL transmit antennas employed 36
at the BS, which renders the use of large antenna arrays 37
impractical. Hence, most massive MIMO systems rely on the 38
time-division duplexing (TDD) protocol in order to exploit 39
the reciprocity of the UL and DL channels. The overhead 40
imposed by acquiring the CSI at a BS with the aid of UL 41
training only scales linearly with the number of MSs, which 42
is typically much smaller than the number of BS’s antennas. 43
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However, the number of available orthogonal pilot sequences44
that can be created is limited by the channel’s coherence45
time. Therefore, the pilots have to be reused in multi-cell46
systems. As a result, the channel estimation (CE) at a BS is47
seriously contaminated by the MSs in other cells. This pilot48
contamination (PC) severely limits the achievable sum-rate in49
large-scale MIMO systems [1], [2], [7], [8].50
Consequently, significant research efforts have been dedi-51
cated to this PC problem, and numerous solutions have been52
proposed for eliminating or reducing the PC effects, which53
can be divided into two categories. The first category of54
solutions focus on pilot design and pilot allocation. Based55
on maximizing the signal-to-interference ratio (SIR), a pilot56
design method was introduced in [9]. In [10], the authors57
proposed a cell sectorization-based pilot assignment scheme58
for mitigating PC. The authors of [11] formed a sectorized59
multi-cell massive MIMO system based on a sectorization60
method for increasing the achievable UL sum-rate. However,61
the optimal design of pilot reuse patterns for the sectors62
of each cell was not addressed in [11]. A soft pilot reuse63
and multi-cell block diagonalization precoding scheme was64
proposed in [12] for partitioning the users into cell-center65
and cell-edge groups. However, this class of solutions cannot66
completely eliminate the inter-cell interference caused by PC,67
since the re-use of the same group of pilots is still required.68
The second category of solutions rely on sophisticated69
signal processing algorithms. Amethod using time-staggered70
pilots was proposed in [13], which eliminates PC by ensuring71
that the pilot transmissions of the different users exploiting72
the same pilot do not overlap in time. However, this scheme is73
costly and difficult to implement, because a central controller74
must manage the complex staggering of pilots in all cells by75
relying on tight coordination amongst the BSs. Secondly, the76
training duration is dramatically increased. Yin et al. [14] pro-77
posed a Bayesian estimator, which requires the second-order78
statistics of the channel coefficients at the BS. To further79
mitigate the inter-cell interference, a sophisticated pilot80
assignment scheme was also proposed in [14], which requires81
cooperation amongst the BSs. Although this smart non-linear82
signal processing algorithm is capable of significantly reduc-83
ing the PC, its complexity is excessive, since it requires the84
channel covariance matrices of all the UL channels. Note that85
the acquisition of such a large amount of second-order statis-86
tics at the BSs is extremely time-consuming. Furthermore,87
sharing them among the BSs requires a huge amount of back-88
haul transmissions. Recently, a location-aware CE scheme89
was proposed by utilizing a fast Fourier transform (FFT)90
based post-processing after the conventional pilot aided91
CE [15], which is capable of distinguishing the users having92
different angles of arrival (AOA), even if they use the same93
pilot. To maximally benefit from this location-aware CE94
algorithm, a location-aware pilot assignment schemewas also95
proposed in [15] for ensuring that the non-overlapping AOAs96
of the users of different cells are allowed to adopt the same97
pilot. The advantage of this method is its appealing simplicity98
and efficiency. Moreover, it does not increase the training99
duration imposed, but it requires the knowledge of the users’ 100
AOAs. 101
More related to our current work, there exist two PC elimi- 102
nating schemes based on sophisticated processing [16], [17]. 103
The scheme of [16] consisted of an amalgam of DL and 104
UL training phases. More specifically, a total of (L + 3) 105
training phases are required for an L-cell system. This scheme 106
is capable of completely eliminating the PC at the expense 107
of requiring a long channel coherence time. In particular, 108
let U be the number of users per cell, which is assumed 109
to be the length of the training sequences. Then, the chan- 110
nel’s coherence interval (COHI) is required to be no shorter 111
than the duration of (L + 3)U orthogonal frequency division 112
multiplexing (OFDM) symbols. In addition to a conventional 113
simultaneous UL training phase, the scheme proposed in [17] 114
consisted of consecutive pilot transmission phases in which 115
each BS stays idle during one phase and repeatedly transmits 116
pilot sequence in all the other phases. Thus, this scheme 117
consists of a total of (L+1) UL training phases and, therefore, 118
it requires that the COHI is no shorter than the duration of 119
(L + 1)U OFDM symbols. These two schemes also increase 120
the training computational complexity slightly. 121
Against the above background, an effective PC elimina- 122
tion scheme is proposed for multi-cell TDD based OFDM 123
systems. Unlike [1], which assumes that the channel fre- 124
quency response (CFR) is constant over certain frequency 125
smoothness interval, we consider the generic case of varying 126
CFR where frequency-domain (FD) pilot symbol (PS) have 127
to occupy all the subcarriers. We also adopt a very differ- 128
ent approach for analysing PC. Specifically, we approach 129
the PC problem by considering the received signals of 130
all the OFDM subcarriers together for each individual 131
BS antenna, which constitutes an effective technique of per- 132
forming CE. This is fundamentally different from all the 133
existing schemes [13]–[17], which approach the PC problem 134
by considering the received signals of all the target BS’s 135
antennas for each individual OFDM subcarrier. While this 136
per-subcarrier processing is natural technique of performing 137
detection or precoding by exploiting the orthogonality of the 138
subcarriers, ironically, it is actually an ineffective approach 139
for dealing with CE. Furthermore, we perform CE in time- 140
domain (TD), and obtain the required FD channel transfer 141
functions (FDCHTFs) with the aid of the FFT operation. 142
Our contribution is twofold. Firstly, an optimal pilot set is 143
designed, which can provide the desired orthogonality for 144
differentiating all the channel impulse responses (CIRs) in a 145
conventional simultaneous UL training phase under certain 146
operating conditions. However, under more hostile environ- 147
ments, where the number of users per cell and/or the length 148
of the CIRs is high, the optimal pilot set designed no longer 149
has the desired orthogonality for all the users. This will result 150
in PC in a conventional simultaneous UL training based 151
scenario. Therefore, a strategy of two processing stages is 152
proposed, which relies on a DL training phase, followed by 153
appropriately scheduled UL training using the optimal pilot 154
set. By exploiting the orthogonality of the optimal pilot set, 155
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each user acquires its unique DL TD CSI with the aid of156
DL training. The estimated DL TD CSIs are then embedded157
in the UL training. As a result, the PC can be completely158
eliminated. Most significantly, our scheme only imposes an159
overhead of (L+3)OFDMsymbols, compared to the (L+1)U160
OFDM symbols required by the scheme of [17]. Therefore, it161
imposes a less stringent requirement on the COHI. In contrast162
to many existing PC reduction schemes, our scheme does not163
require any information exchange amongst the BSs.164
Throughout our discussions, C denotes the complex165
number field and for A ∈ C, we have A = AR + jAI ,166
where j = √−1, while AR and AI are the real as well as imag-167
inary parts of A, respectively. Boldface upper-case symbols168
denote matrices, e.g., X, while underlined boldface upper-169
case symbols denote column vectors, e.g., X. The transpose,170
conjugate and Hermitian transpose operators are denoted by171
(·)T, (·)* and (·)H, respectively, while diag{X} denotes the172
diagonal matrix having diagonal entries equal to the elements173
of X. Furthermore, X[n,m] denotes the entity of X at the174
n-th row and m-th column, and X[n] is the n-th element175
of X, while X̂ represents the estimate of X . The (K × K )-176
element identity matrix is denoted by IK , and 0K denotes the177
(K × K )-element matrix with all zero elements, while δ(t)178
represents the discrete Dirac delta function and E{·} denotes179
the expectation operator. Furthermore, ‖ · ‖F represents the180
Frobenius norm, while b·c denotes the integer floor.181
II. SYSTEM MODEL AND OPTIMAL PILOT DESIGN182
We consider a cellular network composed of L hexagonal183
cells, labelled by l = 1, 2, · · · ,L, where the BS of each cell184
is equipped with an array of Q antennas for supporting the185
U MSs, each employing a single antenna. All BSs and MSs186
are synchronized, and the system relies on a TDD protocol187
associated with radical unity frequency reuse (UFR).188
Furthermore, Q U .189
A. UPLINK TRAINING190
AllMSs of all cells commence by synchronously transmitting191
an OFDM PS to their serving BSs. The FD PS of user u in the192
l-th cell is given by Xul =
[
Xul [1] X
u
l [2] · · ·Xul [N ]
]T , where193
N is the number of subcarriers and the power of each pilot194
Xul [n] is unity. Let H
u
l,l′,q[n] be the UL FDCHTF linking the195
u-th user in cell l to the q-th antenna of the l ′-th cell’s BS,196
at the n-th subcarrier. Furthermore, let Yl′,q[n] be the signal197
received by the q-th receive antenna of the l ′-th BS at the n-th198
subcarrier, which can be expressed as199
Yl′,q[n] = √pr
U∑
u′=1
Hu
′
l′,l′,q[n]X
u′
l′ [n]200
+√pr
L∑
l=1,l 6=l′
U∑
u=1
Hul,l′,q[n]X
u
l [n]+Wl′,q[n] (1)201
for 1 ≤ l ′ ≤ L and 1 ≤ q ≤ Q, where pr is the average202
power of each user and Wl′,q[n] is the FD representation of203
the UL channel’s additive white Gaussian noise (AWGN),204
denoted byWl′,q[n] ∼ CN (0, σ 2w) with σ 2w being the power of 205
Wl′,q[n]. The set of equations constituted by (1) for 1 ≤ n ≤ 206
N can be written in the more compact form of 207
Yl′,q =
√
pr
U∑
u′=1
Xu
′
l′H
u′
l′,l′,q︸ ︷︷ ︸
Desired term
+√pr
L∑
l=1,l 6=l′
U∑
u=1
XulH
u
l,l′,q︸ ︷︷ ︸
Inter-cell interference
208
+Wl′,q, (2) 209
where Xul = diag{Xul }, while Yl′,q ∈ CN×1, Hul,l,q ∈ CN×1 210
and Wl′,q ∈ CN×1 are the three column vectors hosting 211
Yl′,q[n], Hul,l,q[n] and Wl′,q[n] for 1 ≤ n ≤ N , respectively. 212
It is worth emphasizing again that the signal vector (2) is 213
collected over all the N OFDM subcarriers for an individual 214
BS antenna. This is in contrast to all the existing approaches, 215
which consider the signal vector over all the target BS’s 216
antennas for an individual subcarrier [1], [13]–[17]. Note 217
that our approach to CE has a significant advantage. Specif- 218
ically, let the COHI be measured in terms of the number of 219
OFDM symbols. To implement the conventional simultane- 220
ous UL training, our approach only requires that the COHI 221
is no shorter than a single OFDM-symbol duration, while all 222
the existing schemes require that the COHI is no shorter than 223
the duration of U OFDM symbols, because they all require 224
each user to transmit a pilot sequence of length U . 225
Without loss of generality, assume that a uniformly spaced 226
linear antenna array (ULA) is employed at the BS. Then the 227
TD CIR vector Gul,l′,q ∈ CK×1 is given by 228
Gul,l′,q =
[
Gul,l′,q[1] G
u
l,l′,q[2] · · ·Gul,l′,q[K ]
]T
229
=
[
αul,l′,q,1e
−j2pi (q−1)D
λ
cos
(
θu
l,l′,q,1
)
· · · 230
αul,l′,q,K e
−j2pi (q−1)D
λ
cos
(
θu
l,l′,q,K
)]T
, (3) 231
where K is the maximum duration of the CIR, while D and λ 232
are the antenna spacing and the carrier’s wavelength, respec- 233
tively. In (3), θul,l′,q,k is the AOA of the k-th CIR tap between 234
the u-th MS in the l-th cell and the q-th antenna of the 235
l ′-th BS, while the complex-valued tap is given by 236
αul,l′,q,k = %ul,l′,q,ke−jϕ
u
l,l′,q,k
√
βul,l′,q,k , (4) 237
where the fast-fading channel gain %ul,l′,q,k follows a Rayleigh 238
distribution and the phase ϕul,l′,q,k is a random variable uni- 239
formly distributed in [0, 2pi ), while the coefficient βul,l′,q,k 240
accounts for the effects of pathloss and shadow fading. Since 241
βul,l′,q,k only changes slowly as a function of distance [1], 242
we may assume that βul,l′,q,k = βul,l′ for 1 ≤ k ≤ K and 243
1 ≤ q ≤ Q. All αul,l′,q,k are assumed to remain constant over 244
the duration of the COHI. Then the FDCHTF vector Hul,l′,q 245
can be expressed as 246
Hul,l′,q = FGul,l′,q, (5) 247
where F ∈ CN×K is the FFT matrix, whose elements are 248
given by F[n,k] = 1√K e−j2pi (n−1)(k−1)/N for 1 ≤ n ≤ N 249
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and 1 ≤ k ≤ K . Using (5), (2) can be rewritten as250
Yl′,q =
√
pr
U∑
u′=1
Xu
′
l′ FG
u′
l′,l′,q +
√
pr
L∑
l=1,l 6=l′
U∑
u=1
Xul FG
u
l,l′,q251
+Wl′,q. (6)252
B. TIME-DOMAIN CHANNEL ESTIMATION253
Theorem 1: Let us now design an FD PS matrix set for all254
MSs in all cells according to [18] as255
P = {P[i], 1 ≤ i ≤ LU} (7)256
with257
P[i] = Xul , (8)258
where i = (u − 1)L + l is the index of the LU users for259
1 ≤ u ≤ U and 1 ≤ l ≤ L.260
Specifically, the i-th element of the FD PS matrix set is261
generated from a reference P[1] = X11 according to262
P[i] = 8[i]P[1], 1 ≤ i ≤ LU , (9)263
where the diagonal matrix264
8[i] = diag{1, ej2pi (i−1)ζN , ej2pi 2(i−1)ζN , · · · , ej2pi (N−1)(i−1)ζN },265
(10)266
shifts the phase of the reference P[1] by a positive integer267
parameter ζ .268
Provided that we have ζ = b NLU c ≥ K , all the LU269
PS matrices Xul for 1 ≤ u ≤ U and 1 ≤ l ≤ L in this FD270
PS matrix set are mutually orthogonal.271
Proof: Using the PS matrix set (8) in (6), we have272
Yl′,q =
√
pr
U∑
u′=1
P[(u′ − 1)L + l ′]FGu′l′,l′,q273
+√pr
L∑
l=1,l 6=l′
U∑
u=1
P[(u− 1)L + l]FGul,l′,q +Wl′,q.274
(11)275
Given ζ = b NLU c ≥ K , we have to prove that276 (
P[(u1 − 1)L + l1]F
)H (P[(u2 − 1)L + l2]F)277
=
{
0K , l1 6= l2 ∪ u1 6= u2,
N
K IK , l1 = l2 ∩ u1 = u2.
(12)278
Let us set279
T = (P[i1]F)H(P[i2]F), 1 ≤ i1, i2 ≤ LU , (13)280
T[k1,k2] =
1
K
N∑
n=1
(
P[i1][n,n]
)∗P[i2][n,n]e j2pi (n−1)(k1−k2)N ,281
1 ≤ k1, k2 ≤ K . (14)282
Furthermore, for the integer t = k1−k2, we have |t| ≤ K −1 283
and (14) can be rewritten as 284
T[k1,k2] =
1
K
N∑
n=1
(
P[1][n,n]
)∗P[1][n,n]e−j2pi (n−1)(i1−1)ζN 285
× e j2pi (n−1)(i2−1)ζN e j2pi (n−1)tN = N
K
δ
(
t − (i1 − i2)ζ
)
. 286
(15) 287
Under the condition of i1 > i2 and t ≡ N+t if t ≤ 0, we have 288{
ζ ≤ (i1 − i2)ζ ≤ (LU − 1)ζ,
1 ≤ t ≤ K − 1 or N − K + 1 ≤ t ≤ N . (16) 289
To keep δ
(
t − (i1 − i2)ζ
) = 0, i.e., t 6= (i1 − i2)ζ , the 290
inequalities in (16) should have no intersection. In other 291
words, we must have K − 1 < (i1 − i2)ζ < N − K + 1, i.e., 292{
ζ ≥ K ,
LUζ − ζ ≤ N − K . (17) 293
If we restrict the range of ζ to 294
K ≤ ζ ≤ N
LU
, (18) 295
which clearlymeets the condition of (17), thenT = 0K can be 296
achieved for all i1 > i2. For i1 < i2, we can arrive at the same 297
conclusion. Hence, T = 0K , ∀i1 6= i2, when K ≤ ζ ≤ NLU . 298
We note that the ordered relationship of i = (u − 1)L + l, 299
i1 6= i2 is equivalent to l1 6= l2 ∪ u1 6= u2. 300
Let us now consider i1 = i2, which is equivalent to 301
l1 = l2 ∩ u1 = u2. If t = k1 − k2 6= 0, we have T[k1,k2] = 0. 302
If (i1 = i2)∩ (k1 = k2), clearly T[k1,k2] = NK . Thus T = NK IK 303
for i1 = i2, given that ζ meets the condition of (18). 304
It can be seen that the orthogonality of (12) actually holds 305
for K ≤ ζ ≤ NLU . Then it also holds for ζ = b NLU c ≥ K . 306
1) PILOT-CONTAMINATION-FREE SCENARIO 307
Given the network of L cells, the maximum number of 308
users U supported per cell, the maximum duration K of the 309
CIR and the number N of subcarrier resources available, we 310
can always design the FD PS matrix set P of (7). According 311
to Theorem 1, the identifiability of the unique TD CIR vec- 312
torsGu
′
l′,l′,q for all the MSs in all the cells is guaranteed under 313
the condition of: 314
KLU ≤ N , (19) 315
which implies a PC free scenario, where all the LU MSs of 316
all the L cells can simultaneously transmit their PS matrices 317
to their serving BSs for PC-free CE. The least squares (LS) 318
CE of Gu
′
l′,l′,q is given by 319
Ĝu
′
l′,l′,q =
K
N
√
pr
(
P[(u′ − 1)L + l ′]F)HYl′,q 320
= Gu′l′,l′,q +
K
N
√
pr
(
P[(u′ − 1)L + l ′]F)HWl′,q. 321
(20) 322
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The mean square error (MSE) of the estimator (20) is323
defined by324
40 = E
{
1
K
‖40‖2F
}
, (21)325
where 40 = Ĝu
′
l′,l′,q −Gu
′
l′,l′,q is the CE error.326
Theorem 2: The MSE of (20) is given by327
40 = Kσ
2
w
Npr
. (22)328
Proof: From (20) we have329
40 =
K
N
√
pr
(
P[(u′ − 1)L + l ′]F)HWl′,q. (23)330
The k-th element of 40 is331
40[k] =
√
K
N
√
pr
N∑
n=1
e
j2pi (n−1)(k−1)
N
(
P[1][n,n]
)∗
332
×e
−j2pi
(
(u′−1)L+l′−1
)
ζ (n−1)
N Wl′,q[n]. (24)333
Since the noise obeys Wl′,q[n] ∼ CN (0, σ 2w), 40[k] is334
Gaussian distributed with zero mean, while its power is335
given by336
E
{∣∣∣40[k] ∣∣∣2} = KN 2pr Nσ 2w = Kσ
2
w
Npr
. (25)337
Clearly, the MSE of (20) attains the Cramer-Rao lower338
bound (CRLB) [19].339
2) PILOT-CONTAMINATION SCENARIO340
If the condition (19) is not met, then the orthogonality (12)341
does not hold, i.e., the number of mutually orthogonal ele-342
ments in P is less than LU , which results in PC during343
the UL training, when all MSs of all cells simultaneously344
transmit their PS matrices to their serving BSs. In this paper345
we propose an efficient TD two-stage scheme that is capable346
of eliminating PC with the aid of a combined DL and UL347
training sessions, which was developed from our previous348
work [16].349
III. TWO-STAGE PILOT CONTAMINATION350
ELIMINATION SCHEME351
The proposed PC elimination scheme consists of a carefully352
constructed amalgam of a DL training stage and an UL train-353
ing stage. Furthermore, the DL training contains two phases,354
while the UL training contains (L+1) training phases, where355
each phase occupies the duration of a single OFDM symbol.356
Thus, it is assumed that the channel is time-invariant for the357
duration of (L + 3) OFDM symbols. Before we detail the358
operations of the DL and UL training stages, we make the359
following observation. Usually, the number of cells is lower360
than the number ofMSs. Hence, although we consider having361
insufficient subcarrier sources of N < KLU , the following362
condition is generally satisfied363
KL < KU ≤ N < KLU . (26)364
A. THE DL TRAINING STAGE 365
From (26), we have N > KL. Thus we can design an 366
FD PS matrix set PDL = {Sl, 1 ≤ l ≤ L}, similarly 367
to (9) and (10) by replacing LU with L, where Sl = 368
diag{Sl[1], Sl[2], · · · , Sl[N ]} and the power of each pilot 369
Sl[n] is unity. Since bNL c ≥ K holds, PDL contains the L 370
orthogonal PS matrices associated with
(
Sl′F
)H (Sl′F) = 371
N
K IK and
(
Sl′F
)H (SlF) = 0K for 1 ≤ l, l ′ ≤ L and l ′ 6= l. 372
Hence, we can assign an orthogonal PS matrix to each cell. 373
1) FIRST PHASE 374
All the BSs broadcast their assigned OFDM PSs using a 375
single antenna, say, the first antennas of the BSs. The signal 376
vector received by MS u
′
in cell l
′
, Zu
′
,(1)
l′ ∈ CN×1, can be 377
readily expressed by 378
Zu
′
,(1)
l′ =
√
pf
L∑
l=1
SlFGu
′
l′ ,l,1 + V
u
′
,(1)
l′ , 1 ≤ u
′ ≤ U , (27) 379
where pf denotes the average transmit power of each BS, 380
and Gu
′
l′ ,l,1 represents the TD CIR vector between the first 381
antenna of the l-th BS and theMS u
′
in cell l
′
, whileVu
′
,(1)
l′ = 382[
V u
′
,(1)
l′ [1] V
u
′
,(1)
l′ [2], · · ·V
u
′
,(1)
l′ [N ]
]T is the FD representa- 383
tion of the channel’s AWGN. The LS estimate of Gu
′
l′ ,l′ ,1 is 384
readily given by 385
Ĝu
′
l′ ,l′ ,1 =
K
(
Sl′F
)HZu′ ,(1)
l′
N√pf 386
= Gu′
l′ ,l′ ,1 +
K
N√pf
(
Sl′F
)HVu′ ,(1)
l′ , 1 ≤ u
′ ≤ U . 387
(28) 388
It can be seen that this LS estimator is free from PC. 389
2) SECOND PHASE 390
All the BSs active all the DL transmit antennas to broadcast 391
the same FD PS matrices to the MSs and, therefore, the 392
received OFDM signal Zu
′
,(2)
l′ ∈ CN×1 of MS u
′
in cells l ′ 393
is given by 394
Zu
′
,(2)
l′ =
√
pf
L∑
l=1
SlF
Q∑
q=1
Gu
′
l′ ,l,q + V
u
′
,(2)
l′ 395
= √pf
L∑
l=1
SlFG
u
′
,sum
l′ ,l + V
u
′
,(2)
l′ , 1 ≤ u
′ ≤ U , (29) 396
where Gu
′
l′ ,l,q denotes the TD CIR vector between the q-th 397
antenna of the l-th BS and the MS u
′
in cell l
′
, and Vu
′
,(2)
l′ = 398[
V u
′
,(2)
l′ [1] V
u
′
,(2)
l′ [2] · · ·V
u
′
,(2)
l′ [N ]
]T is the FD representation 399
of the channel’s AWGN, whileGu
′
,sum
l′ ,l =
∑Q
q=1G
u
′
l′ ,l,q is the 400
sum of the TD CIRs for all the links between the l-th BS and 401
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theMS u
′
in cell l
′
. Thus, MS u
′
in cell l
′
can estimateGu
′
,sum
l′ ,l′402
using the LS estimate of403
Ĝu
′
,sum
l′ ,l′ =
K
(
Sl′F
)HZu′ ,(2)
l′
N√pf404
= Gu
′
,sum
l′ ,l′ +
K
N√pf
(
Sl′F
)HVu′ ,(2)
l′ , 1 ≤ u
′ ≤ U .405
(30)406
Again, this LS estimator is free from PC.407
B. THE UL TRAINING STAGE408
We assume the worst-case scenario of having an FD PS409
matrix set of onlyU orthogonal PSmatrices PUL =
{
Xu, 1 ≤410
u ≤ U}, withXu = diag{Xu[1],Xu[2], · · · ,Xu[N ]}, and the411
power of each pilot Xu[n] being unity. From (26), N ≥ KU .412
Thus this FD PS matrix set can be designed similarly413
to (9) and (10) by replacing LU with U . Since bNU c ≥ K ,414 (
Xu1F
)H (Xu1F) = NK IK and (Xu1F)H (Xu2F) = 0K for415
1 ≤ u1, u2 ≤ U and u1 6= u2. PUL is reused in every cell. The416
UL training stage consists of the (L + 1) scheduled training417
phases.418
1) INITIAL PHASE419
During the initial phase of the UL training, which is indexed420
as 0, the MSs roaming in all the cells simultaneously transmit421
their pre-assigned FD PS matrices Xul = Xu for 1 ≤ u ≤ U422
and 1 ≤ l ≤ L to their corresponding BSs. The signal vector423
received during phase 0 at the q-th receive antenna of the l
′
-th424
BS can be expressed according to (6) as425
Y(0)
l′ ,q =
√
pr
U∑
u′=1
Xu
′
FGu
′
l′ ,l′ ,q +
√
pr
L∑
l=1,l 6=l′
U∑
u=1
XuFGu
l,l′ ,q︸ ︷︷ ︸
Pilot contamination
426
+W(0)
l′ ,q, (31)427
whereW(0)
l′ ,q is the corresponding UL channel AWGN vector.428
The LS estimate of Gu
′
l′ ,l′ ,q based on Y
(0)
l′ ,q is given by429
Y˜u
′
,(0)
l′ ,q =
K
N
√
pr
(
Xu
′
F
)H
Y(0)
l′ ,q = G
u
′
l′ ,l′ ,q +
L∑
l=1,l 6=l′
Gu
′
l,l′ ,q430
+ W˜u
′
,(0)
l′ ,q , (32)431
where W˜u
′
,(0)
l′ ,q = KN√pr
(
Xu
′
F
)H
W(0)
l′ ,q and the power of432
W˜u
′
,(0)
l′ ,q is
σ 2w
pr
.433
2) PHASE l
′
434
During the l
′
-th phase of the UL training, where 1 ≤ l ′ ≤ L,435
the MSs in cell l
′
transmit their own specifically power436
predistorted UL PS matrices X¯u
′
l′ given by 437
X¯u
′
l′ = Bu
′
l′ X
u
′
, 1 ≤ u′ ≤ U , (33) 438
to the l
′
-th BS, where 439
Bu
′
l′ =
∑K
k=1 Ĝ
u
′
,sum
l′ ,l′ [k]∑K
k=1 Ĝ
u′
l′ ,l′ ,1[k]
, (34) 440
assuming that
∑K
k=1 Ĝ
u
′
,sum
l′ ,l′ [k] 6=0 and
∑K
k=1 Ĝ
u
′
l′ ,l′ ,1[k] 6=0. 441
As X¯u
′
l′ encapsulates the estimated DL TD CIR information 442
Bu
′
l′ obtained by the MS u
′
in cell l
′
during the DL training 443
stage, it is distinct to this MS. At the same time, the MSs 444
roaming in all the other cells simultaneously transmit their 445
pre-assigned PS matrices Xu
′
l = Xu
′
to their BSs, where 446
1 ≤ u′ ≤ U , 1 ≤ l ≤ L and l 6= l ′ . 447
As a result, the UL signal received by the q-th antenna of 448
the l
′
-th BS at phase l
′
is readily expressed as 449
Y(l
′
)
l′ ,q =
√
pr
U∑
u′=1
Bu
′
l′ X
u
′
FGu
′
l′ ,l′ ,q 450
+ √pr
L∑
l=1,l 6=l′
U∑
u=1
XuFGu
l,l′ ,q︸ ︷︷ ︸
Pilot contamination
+W(l
′
)
l′ ,q, (35) 451
where W(l
′
)
l′ ,q is the corresponding UL AWGN vector. The 452
LS estimate of Gu
′
l′ ,l′ ,q based on Y
(l
′
)
l′ ,q is given by 453
Y˜u
′
,(l
′
)
l′ ,q =
K
N
√
pr
(
Xu
′
F
)H
Y(l
′
)
l′ ,q 454
=
∑K
k=1 Ĝ
u
′
,sum
l′ ,l′ [k]∑K
k=1 Ĝ
u′
l′ ,l′ ,1[k]
IN×NGu
′
l′ ,l′ ,q +
L∑
l=1,l 6=l′
Gu
′
l,l′ ,q 455
+ W˜u
′
,(l
′
)
l′ ,q , (36) 456
where W˜u
′
,(l
′
)
l′ ,q = KN√pr
(
Xu
′
F
)H
W(l
′
)
l′ ,q, and the power 457
of W˜u
′
,(l
′
)
l′ ,q is
σ 2w
pr
. 458
3) PILOT CONTAMINATION ELIMINATION 459
Let Yˇ
u
′
l′ ,q = Y˜u
′
,(l
′
)
l′ ,q − Y˜
u
′
,(0)
l′ ,q and Wˇ
u
′
l′ ,q = W˜u
′
,(l
′
)
l′ ,q − 460
W˜u
′
,(0)
l′ ,q , where the power of Wˇ
u
′
l′ ,q is
2σ 2w
pr
. From (32) and (36), 461
we readily arrive at 462
Yˇ
u
′
l′ ,q =
∑Kk=1 Ĝu
′
,sum
l′ ,l′ [k]∑K
k=1 Ĝ
u′
l′ ,l′ ,1[k]
− 1
Gu′l′ ,l′ ,q + Wˇu′l′ ,q, 463
1 ≤ l ′ ≤ L, 1 ≤ q ≤ Q. (37) 464
Observe in (37) that the PC is completely eliminated. 465
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
Yˇ
u
′
l′ ,1[1] Yˇ
u
′
l′ ,2[1] · · · Yˇ
u
′
l′ ,Q[1]
Yˇ
u
′
l′ ,1[2] Yˇ
u
′
l′ ,2[2] · · · Yˇ
u
′
l′ ,Q[2]
...
...
...
...
Yˇ
u
′
l′ ,1[K ] Yˇ
u
′
l′ ,2[K ] · · · Yˇ
u
′
l′ ,Q[K ]
 =

K∑
k=1
Ĝu
′
,sum
l′ ,l′ [k]
K∑
k=1
Ĝu
′
l′ ,l′ ,1[k]
− 1


Ĝu
′
l′ ,l′ ,1[1] Ĝ
u
′
l′ ,l′ ,2[1] · · · Ĝu
′
l′ ,l′ ,Q[1]
Ĝu
′
l′ ,l′ ,1[2] Ĝ
u
′
l′ ,l′ ,2[2] · · · Ĝu
′
l′ ,l′ ,Q[2]
...
...
...
...
Ĝu
′
l′ ,l′ ,1[K ] Ĝ
u
′
l′ ,l′ ,2[K ] · · · Ĝu
′
l′ ,l′ ,Q[K ]

=
Q∑
q=2
K∑
k=1
Ĝu
′
l′ ,l′ ,q[k]
K∑
k=1
Ĝu
′
l′ ,l′ ,1[k]

Ĝu
′
l′ ,l′ ,1[1] Ĝ
u
′
l′ ,l′ ,2[1] · · · Ĝu
′
l′ ,l′ ,Q[1]
Ĝu
′
l′ ,l′ ,1[2] Ĝ
u
′
l′ ,l′ ,2[2] · · · Ĝu
′
l′ ,l′ ,Q[2]
...
...
...
...
Ĝu
′
l′ ,l′ ,1[K ] Ĝ
u
′
l′ ,l′ ,2[K ] · · · Ĝu
′
l′ ,l′ ,Q[K ]
. (38)
[
K∑
k=1
Yˇ
u
′
l′ ,1[k]
K∑
k=1
Yˇ
u
′
l′ ,2[k] · · ·
K∑
k=1
Yˇ
u
′
l′ ,Q[k]
]
=
Q∑
q=2
K∑
k=1
Ĝu
′
l′ ,l′ ,q[k]
K∑
k=1
Ĝu
′
l′ ,l′ ,1[K ]
[
K∑
k=1
Ĝu
′
l′ ,l′ ,1[k]
K∑
k=1
Ĝu
′
l′ ,l′ ,2[k] · · ·
K∑
k=1
Ĝu
′
l′ ,l′ ,Q[k]
]
=

Q∑
q=2
K∑
k=1
Ĝu
′
l′ ,l′ ,q[k]
Q∑
q=2
K∑
k=1
Ĝu
′
l′ ,l′ ,q[k]
K∑
k=1
Ĝu
′
l′ ,l′ ,1[k]
K∑
k=1
Ĝu
′
l′ ,l′ ,2[k] · · ·
Q∑
q=2
K∑
k=1
Ĝu
′
l′ ,l′ ,q[k]
K∑
k=1
Ĝu
′
l′ ,l′ ,1[k]
K∑
k=1
Ĝu
′
l′ ,l′ ,Q[k]
. (39)
In order to extract the estimates of the MS-specific TD466
CIR vectors Gu
′
l′ ,l′ ,q for 1 ≤ u
′ ≤ U and 1 ≤ q ≤ Q,467
we expand (37). Specifically, we do not distinguish the DL468
and UL TD CIR estimates, since they may be assumed to be469
identical, owing to the channel’s reciprocity. We then proceed470
by substituting Gu
′
l′ ,l′ ,q in (37) by their estimates Ĝ
u
′
l′ ,l′ ,q in471
order to express it in the element-based form (38), as shown at472
the top of this page. By summing the elements in each column473
for both the left-hand and the right-hand sides of (38), we474
arrive at (39), as shown at the top of this page, given at the475
bottom of the page. It can readily be shown that476
Q∑
q=2
K∑
k=1
Ĝu
′
l′ ,l′ ,q[k] =
K∑
k=1
Yˇ
u
′
l′ ,1[k]. (40)477
By summing the last (Q− 1) elements for both the left-hand478
and the right-hand sides of (39), we arrive at479
Q∑
q=2
K∑
k=1
Yˇ
u
′
l′ ,q[k] =
(∑Q
q=2
∑K
k=1 Ĝ
u
′
l′ ,l′ ,q[k]
)2
∑K
k=1 Ĝ
u′
l′ ,l′ ,1[k]
480
=
(∑K
k=1 Yˇ
u
′
l′ ,1[k]
)2
∑K
k=1 Ĝ
u′
l′ ,l′ ,1[k]
(41)481
or 482
K∑
k=1
Ĝu
′
l′ ,l′ ,1[k] =
(∑K
k=1 Yˇ
u
′
l′ ,1[k]
)2
∑Q
q=2
∑K
k=1 Yˇ
u′
l′ ,q[k]
. (42) 483
With the aid of (40) and (42), we have 484∑Q
q=2
∑K
k=1 Ĝ
u
′
l′ ,l′ ,q[k]∑K
k=1 Ĝ
u′
l′ ,l′ ,1[k]
=
∑K
k=1 Yˇ
u
′
l′ ,1[k](∑K
k=1 Yˇ
u
′
l
′
,1k]
)2
∑Q
q=2
∑K
k=1 Yˇ
u
′
l
′
,q[k]
= ŶTSE , (43) 485
and (38) can be rewritten as 486
Yˇ
u
′
l′ ,1[1] Yˇ
u
′
l′ ,2[1] · · · Yˇ
u
′
l′ ,Q[1]
Yˇ
u
′
l′ ,1[2] Yˇ
u
′
l′ ,2[2] · · · Yˇ
u
′
l′ ,Q[2]
...
...
...
...
Yˇ
u
′
l′ ,1[K ] Yˇ
u
′
l′ ,2[K ] · · · Yˇ
u
′
l′ ,Q[K ]
 = ŶTSE 487
×

Ĝu
′
l′ ,l′ ,1[1] Ĝ
u
′
l′ ,l′ ,2[1] · · · Ĝu
′
l′ ,l′ ,Q[1]
Ĝu
′
l′ ,l′ ,1[2] Ĝ
u
′
l′ ,l′ ,2[2] · · · Ĝu
′
l′ ,l′ ,Q[2]
...
...
...
...
Ĝu
′
l′ ,l′ ,1[K ] Ĝ
u
′
l′ ,l′ ,2[K ] · · · Ĝu
′
l′ ,l′ ,Q[K ]
. 488
(44) 489
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From (44) we obtain the estimates of Gu
′
l′ ,l′ ,q[k] as490
Ĝu
′
l′ ,l′ ,q[k]=
Yˇ
u
′
l′ ,q[k]
ŶTSE
, 1≤k ≤ K , 1 ≤ q ≤ Q, 1 ≤ u′ ≤ U .491
(45)492
Then the estimates of Hu
′
l′ ,l′ ,q are readily given by493
Ĥu
′
l′ ,l′ ,q = FĜu
′
l′ ,l′ ,q, 1 ≤ q ≤ Q, 1 ≤ u
′ ≤ U . (46)494
REMARK495
It can be seen that the proposed two-stage scheme com-496
pletely eliminates the PC. However, the noise effects in the497
DL training stage are propagated back to the UL training498
stage. Furthermore, the signal processing operations in the499
UL training stage also amplify the noise. Therefore the500
MSE of this estimator becomes considerably higher than501
the CRLB.502
FIGURE 1. TDD protocol frame structure and its relationship with the
channel coherence time.
C. COMPARISON WITH EXISTING SCHEMES503
Fig. 1 illustrates the TDD protocol’s frame structure and its504
relationship to the channel’s coherence time. Let us denote the505
channel’s coherence time as tcoherent and the OFDM symbol506
duration as Tsymbol . We can define the overall COHI as the507
ratio of tcoherent over Tsymbol508
r
′ =
⌊
tcoherent
Tsymbol
⌋
, (47)509
which specifies the maximum number of OFDM symbols510
during which the CIRs remain near-constant. Since the sys-511
tem has to carry out both the training as well as the UL512
and DL data transmissions within r
′
, we define the effective513
COHI for performing CE as514
r = r ′ − NUL − NDL , (48)515
where NUL and NDL represent the numbers of OFDM sym-516
bols transmitted during the UL and DL data transmissions,517
respectively. In other words, the duration of training must518
satisfy NTN ≤ r .519
The conventional simultaneous training scheme only520
requires a training duration of NTN = U , but it suffers from521
serious PC. By contrast, our proposed scheme is capable522
of completely eliminating the PC and it imposes a training523
duration of NTN = L + 3 OFDM symbols. By comparison,524
the PC-free scheme of [16] requires a training duration of525
NTN = (L+3)U , while the PC-free scheme of [17] imposes a 526
training duration of NTN = (L + 1)U OFDM symbols. It can 527
be seen that a significant advantage of our proposed PC-free 528
scheme over the existing PC-free schemes of [16] and [17] is 529
that our scheme imposes a much less stringent requirement 530
on the channel coherence’s time. 531
The proposed scheme has a similar computational com- 532
plexity as the scheme of [16], while it imposes a marginally 533
higher complexity than the scheme of [17]. Compared with 534
the conventional simultaneous training scheme, our proposed 535
scheme as well as the schemes of [16] and [17] are capable of 536
eliminating PC at the cost of imposing higher computational 537
complexity. 538
TABLE 1. Default parameters used in the simulated multiple-antenna
aided and TDD based OFDM system.
IV. SIMULATION RESULTS 539
The default values of the various parameters for our simu- 540
lated multi-cell TDD system are listed in Table 1. Unless 541
otherwise specified, these default parameter values were used 542
throughout. The UFR regime was assumed and the pre- 543
assigned PDL and PUL were employed for the DL CE and 544
UL CE of our proposed TD two-stage scheme, respectively. 545
The signal-to-noise ratio (SNR) of the system was defined 546
as Es/N0, where Es denoted the energy per symbol and 547
N0 = σ 2w denoted the power of the channel’s AWGN. All 548
the CIR paths’ AOAs θul′,l,q,k were independently identically 549
distributed (i.i.d.) Gaussian random variables with a mean of 550
θ¯ = 90◦ and the standard deviation of σAOA = 90◦. 551
A. ESTIMATION PERFORMANCE 552
We first compare the effective COHI required for differ- 553
ent channel estimators. It can be seen from Fig. 2 that our 554
simultaneousUL training scheme having sufficient subcarrier 555
resources ofN = 3072 > KLU requires a minimum effective 556
COHI of r = 1, while the conventional simultaneous training 557
scheme can be invoked, provided that the effective COHI is 558
no shorter than r = U = 8. Our proposed two-stage channel 559
estimator requires the effective COHI r = L+3 = 10, which 560
is much better than the effective COHI of r = (L+1)U = 64 561
required by the scheme of [17] and the effective COHI of 562
r = (L + 3)U = 80 imposed by the scheme of [16]. 563
We then verify the efficiency of our proposed design by 564
examining the normalized MSE (NMSE) of the CE, which is 565
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FIGURE 2. The minimum effective COHI required by different channel
estimators.
defined as566
NMSE =
L∑
l=1
U∑
u=1
Q∑
q=1
N∑
n=1
∣∣Ĥul,l,q[n]− Hul,l,q[n]∣∣2
L∑
l=1
U∑
u=1
Q∑
q=1
N∑
n=1
∣∣Hul,l,q[n]∣∣2 , (49)567
where Hul,l,q[n] and Ĥ
u
l,l,q[n] represent the true channel and568
its estimation, respectively. All the NMSE simulation results569
were obtained by averaging over 100 channel realizations.570
FIGURE 3. NMSE performance of two channel estimators as the functions
of the DL training SNR, given the UL training SNR of Es/N0 = 30 dB.
Since our proposed scheme and the scheme of [16] consist571
of both the DL training and UL training stages, we com-572
mence by investigating the NMSEs of the two estimators as573
the functions of the DL training SNR, given the UL SNR574
of Es/N0 = 30 dB. The simulation results are depicted575
in Fig. 3, where it can be seen that the estimation accuracies576
of both schemes are determined by the DL training SNR. Our 577
advocated scheme performs better than the scheme of [16], 578
because in the DL training stage, the power of the noise in 579
our scheme is N -times lower than that in the scheme of [16]. 580
FIGURE 4. NMSE performance of different channel estimators as the
functions of the UL training SNR. For the proposed scheme and the
scheme of [16], the DL training SNR is set to Es/N0 = 30 dB.
We next compare the NMSE of our proposed scheme as a 581
function of the UL training SNR to those of the conventional 582
simultaneous UL training scheme as well as to the schemes 583
of [16] and [17]. Since both the proposed scheme of this 584
treatise and the scheme of [16] require a DL training stage, 585
we set the DL training SNR to Es/N0 = 30 dB for the both 586
schemes. The results obtained are shown in Fig. 4, where 587
the NMSE performance of CE achieved by our simultane- 588
ous UL training scheme for a sufficiently high number of 589
subcarriers given by N = 3072 > KLU is also provided 590
for comparison. As expected, the NMSE performance of the 591
conventional simultaneous UL training scheme is the worst, 592
exhibiting the highest NMSE floor of 0.1, because it seriously 593
suffers from PC. The rest four schemes are all capable of 594
eliminating PC, whereby two-stage scheme proposed here is 595
better than the scheme of [16], which is due to the reduced 596
noise power in its DL training stage. However, the NMSE 597
performance of our two-stage scheme is worse than that of the 598
scheme of [17] because for our two-stage scheme the CE error 599
in the DL training stage is fed back to the UL training stage, 600
which inevitably decreases the UL CE accuracy. However, 601
it is worth emphasizing again that our scheme is capable of 602
operating under the network condition of an effective COHI 603
of r ≥ L+3 = 10, while the scheme of [17] can only operate 604
for an effective COHI of r ≥ (L + 1)U = 64. Also observe 605
from Fig. 4 that the NMSE performance of our simultaneous 606
UL training scheme associated with N = 3072 > KLU is the 607
best. As presented in Section II-B, given a sufficient number 608
of subcarriers of N ≥ KLU , our purposefully designed pilot 609
set is always capable of achieving a PC-free estimation in the 610
simultaneous UL training, which only requires an effective 611
COHI of r ≥ 1. Moreover, the MSE of this simultaneous 612
UL training scheme attains the CRLB, which is inversely 613
proportional to N . 614
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B. ACHIEVABLE SUM-RATE PERFORMANCE WITHOUT615
CONSIDERING THE TRAINING DURATION616
The achievable UL sum-rates of different channel estima-617
tors are subsequently investigated. Specifically, during the618
UL transmission, the system’s SNR is set to the same UL619
training SNR value, and each BS performs maximum-ratio620
combining (MRC) aided detection bymultiplying its received621
signal with the conjugate-transpose of the channel estimate622
obtained during the training. The per-cell UL sum-rate is623
defined by624
CUL = 1L
L∑
l=1
U∑
u=1
log2
(
1+ SINRl,u
)
, (50)625
where SINRl,u is the desired signal-to-interference-plus-626
noise ratio of user u in cell l, obtained by the MRC based627
on the estimated channels. The per-cell UL sum-rate per-628
formances are compared in Fig. 5. Observe from Fig. 5629
that the achievable UL sum-rates of the schemes proposed630
in [16] and [17] and the TD two-stage scheme associated in631
this treatise as well as our simultaneous UL training scheme632
associated with a sufficient high number of subcarriers of633
N = 3072 are very similar and they are all close to the634
perfect-CSI bound. This is because all these schemes are635
capable of eliminating PC. By contrast, an obvious difference636
of about 14 bits/sec/Hz is seen between the UL sum-rate637
of the conventional simultaneous training scheme and the638
other schemes. This simply confirms that the conventional639
simultaneous training scheme suffers from serious PC.640
FIGURE 5. Achievable per-cell UL sum-rate performance as the functions
of the UL transmission SNR by different estimators with the UL training
SNR equal to the UL transmission SNR. Additionally, for our proposed
scheme and the scheme of [16], the DL training SNR is set to
Es/N0 = 30 dB.
Let us now study the achievable DL sum-rate performance.641
Specifically, given the channel estimate obtained at the642
UL training SNR of Es/N0 = 30 dB as well as addition-643
ally the DL training SNR of Es/N0 = 30 dB for our two-644
stage scheme and the scheme of [16], each BS carries out645
its DL transmission by invoking zero-forcing (ZF) transmit646
precoding based on the UL CE. The per-cell DL sum-rate, 647
CDL , is defined similarly to CUL of (50). Fig. 6 shows the 648
achievable per-cell DL sum-rate versus the DL system’s 649
SNR. It can be seen that the DL sum-rate performance is 650
similar to the UL sum-rate performance. We also find that 651
the influence of the DL system’s SNR on the DL sum-rate 652
remains modest for all the schemes. Again, a difference of 653
about 14 bits/sec/Hz can be seen in the DL sum-rate between 654
the conventional simultaneous training scheme and the other 655
schemes. The results of Fig. 6 also confirm that all the 656
PC-free schemes attain similar DL sum-rate performances 657
that are very close to the perfect-CSI bound. 658
FIGURE 6. Achievable per-cell DL sum-rate performance as the functions
of the DL transmission SNR by different estimators where the UL training
SNR is fixed to Es/N0 = 30dB. Additionally, for our proposed scheme and
the scheme of [16], the DL training SNR is set to Es/N0 = 30 dB.
Moreover, we investigate the effect of the number of anten- 659
nas Q. In particular, we fix both the UL training SNR and the 660
DL training SNR to 30 dB for our proposed scheme of this 661
treatise and the scheme of [16]. Then we vary the number of 662
antennas Q and estimate the corresponding channel matrix. 663
Each BS carries out ZF transmit precoding based DL trans- 664
mission using the channel estimate obtained for the DL sys- 665
tem’s SNR of Es/N0 = 30 dB. Fig. 7 portrays the per-cell 666
DL sum-rate performance versus the number of antennas Q. 667
As expected, increasing the number of antennas enhances 668
the achievable sum-rate. Fig. 7 confirms again that all the 669
PC-free schemes attain very similar performances that are 670
close to the perfect CSI bound, but there exists a performance 671
gap of about 12 bits/sec/Hz between these schemes and the 672
conventional simultaneous UL training scheme. 673
C. EFFECTIVE SUM-RATE PERFORMANCE WITH 674
TRAINING OVERHEAD ADJUSTMENT 675
The achievable UL sum-rate CUL and DL sum-rate CDL 676
shown in Section IV-B do not take into account the train- 677
ing overhead imposed and therefore they only represent the 678
ideal performance achievable in the limit case of r → ∞. 679
Referring to Fig. 1, the training overhead reduces the system’s 680
effective throughput and therefore reduces the achievable 681
10 VOLUME 4, 2016
X. Guo et al.: Two-Stage Time-Domain PC Elimination
FIGURE 7. Achievable per-cell DL sum-rate performance as the functions
of the number of antennas Q by different estimators given the DL
transmission SNR of 30dB. The UL training SNR is fixed to Es/N0 = 30dB
and additionally, for our proposed scheme and the scheme of [16], the
DL training SNR is set to Es/N0 = 30 dB.
FIGURE 8. Effective per-cell UL sum-rate performance as the functions of
the UL transmission SNR by different estimators with the UL training SNR
equal to the UL transmission SNR, assuming that the COHI is r = 100.
Additionally, for our proposed scheme and the scheme of [16], the
DL training SNR is set to Es/N0 = 30 dB.
sum-rate. GivenCUL andCDL , the effective UL sum-rateC
ef
UL682
and effective DL sum-rate CefDL are obtained respectively as683
CefUL =
NUL
1
2NTN + NUL
CUL , (51)684
CefDL =
NDL
1
2NTN + NDL
CDL , (52)685
by taking into account the training overhead adjustment of686
1
2NTN , where the factor
1
2 is owing to the fact that the channel687
estimate obtained by training is used in both the UL and688
DL transmissions.689
We consider a very slow fading system associated with the690
COHI r = 100 so that the scheme of [16] can be implemented691
in conjunction with NUL = NDL = 10 OFDM symbols.692
Since our proposed two-stage scheme requires NTN = 10,693
FIGURE 9. Effective per-cell DL sum-rate performance as the functions of
the DL transmission SNR by different estimators, assuming that the COHI
is r = 100. The UL training SNR is fixed to Es/N0 = 30dB. Additionally, for
our proposed scheme and the scheme of [16], the DL training SNR is set
to Es/N0 = 30 dB.
FIGURE 10. Effective per-cell DL sum-rate performance as the functions
of the number of antennas Q by different estimators given the DL
transmission SNR of 30dB. The UL training SNR is fixed to Es/N0 = 30dB
and additionally, for our proposed scheme and the scheme of [16], the
DL training SNR is set to Es/N0 = 30 dB.
it can implement the UL and DL transmissions with the aid 694
of NUL = NDL = 45. On the other hand, the conventional 695
simultaneous UL training scheme only requires NTN = 8, 696
and it can support UL and DL transmissions with the aid 697
of NUL = NDL = 46. Under the identical experimental 698
conditions of Figs. 5 to 7, the effective or training-overhead- 699
adjusted sum-rate performance are depicted in Figs. 8 to 10, 700
respectively. Observe from Figs. 8 and 9 that our proposed 701
two-stage training scheme achieves the highest effective sum- 702
rate performance, which is more than 10 bits/sec/Hz higher 703
than that of the scheme of [17]. This clearly demonstrates 704
the superiority of our scheme. Also observe that the per- 705
formance gap between the scheme of [16] and the con- 706
ventional simultaneous UL training scheme is halved, from 707
about 14 bits/sec/Hz in Figs. 5 and 6 to about 7 bits/sec/Hz 708
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in Figs. 8 and 9, since the conventional simultaneous709
UL training scheme benefits from a much smaller training710
overhead.711
V. CONCLUSIONS712
A novel pilot contamination elimination scheme has been713
proposed for multi-cell TDD and OFDM based massive714
MIMO systems. Our first contribution has been to prove that715
under the condition of having a sufficiently high bandwidth716
for accommodating sufficient subcarriers, an optimal orthog-717
onal pilot set can readily be designed, which can completely718
eliminate the pilot contamination in a conventional simul-719
taneous UL training session that only imposes a minimum720
training duration of one OFDM symbol. Our second and721
main contribution has been to tackle the more hostile oper-722
ational environment associated with insufficient subcarrier723
resources. Specifically, we have proposed a two-stage time-724
domain scheme that combines a downlink training stage with725
an uplink training stage. Our proposed scheme is capable of726
completely eliminating PC and it imposes a training over-727
head of (L + 3), with L being number of cells, which is728
significantly lower than that of the existing PC-free schemes.729
Consequently, our scheme imposes a much less stringent730
requirement on the channel’s coherence time. Moreover, the731
effective sum-rate performance achievable by our scheme is732
considerably higher than that of the existing schemes, which733
has been demonstrated by the extensive simulation results.734
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